Frugivores have evolved sensory and behavioral adaptations that allow them to find ripe 25 fruit effectively, but the relative importance of different senses in varying foraging 26 scenarios is poorly known. Within Neotropical ecosystems, short-tailed fruit bats 27 (Carollia: Phyllostomidae) are abundant nocturnal frugivores, relying primarily on plants 28 of the genus Piper as a food resource. Previous research has demonstrated Carollia 29 employ olfaction and echolocation to locate Piper fruit, but it is unknown how their 30 sensory use and foraging decisions are influenced by the complex diversity of chemical 31 cues that fruiting plants produce. Using wild C. castanea and their preferred food, Piper 32 scintillans, we conducted behavioral experiments to test two main hypotheses: (1) 33
INTRODUCTION
7 also hypothesize that C. castanea potentially re-weight their sensory inputs to account for 134 available environmental cues, and predict that foraging bats emit echolocation calls more 135 frequently when scent cues are absent. This is because Carollia can use echolocation for 136 the final localization of fruit at close range (Thies et al. 1998 ; Corlett 2011) and perhaps 137 also when searching for potentially edible fruit patches at a longer range. To test our 138 hypotheses, we conducted a series of experiments to mimic the sensory challenges fruit 139 bats may encounter in nature, and quantified differences in the bats' behavioral responses 140 when exposed to different sensory cues. Our study contributes to the understanding of 141 what chemical cues bats use for fruit selection, what contexts facilitate alternating 142 between sensory modes, and the behavioral and sensory adaptations fruit bats have 143 evolved for foraging. 144 145
MATERIAL AND METHODS 146

Study animals 147
We used mist nets to capture Carollia castanea along forest trails at La Selva Biological 148 Station in Sarapiquí, Heredia Province, Costa Rica ( Supplementary Table 1 ). All 149 individuals were experimentally naïve and were used in experiments on the night of 150 capture. Upon capture, each bat was kept in a clean cotton bat bag prior to experiments. 151
We conducted experiments on 21 bats (16 adult males and 5 adult non-lactating, non-152 pregnant females), and collected biometric data and a 2-3 mm wing biopsy (Disposable 153 Biopsy Punches, Integra Miltex) from the uropatagium of each individual that had 154 positive trials (see below). This was done for future genetic analyses, and helped ensure long by 125 cm tall) which held two 50 ml falcon tubes, 40 cm apart, onto which we 173 mounted each of the target ("fruit") choices ( Figure 2 ). To control for size and shape of 9 fruit pulp (approx. 0.62 g, ~1/3 of a total fruit) collected on the same day of the 178 experiments. We harvested vegetation (branches) from the same plants from which we 179 collected ripe fruit. In trials with vegetation present, we placed the vegetation at the base 180 of the dummy fruit, which is the natural configuration within the plant. Between each 181
night of experiments, we cleaned dummy fruits with 95% ethanol to remove scents, 182 rinsed them with water, and let them air dry at least 24 hours before reusing. 183
To test our hypotheses, we presented each bat with a choice between two of the 184 following targets during each experimental trial: 1) dummy with fruit scent (pulp from P. 185 scintillans), 2) dummy with vegetation only, 3) dummy with fruit scent and vegetation, 186 and 4) dummy with no fruit scent or vegetation (Table 1) . We ran each trial for a 187 maximum of 20 minutes per bat, and subjected bats to up to four trials, conditional on 188 their performance on the initial trial. If the bat did not perform within 20 minutes, we 189 
Analysis of echolocation behavior during target approach 209
We analyzed echolocation calls emitted during target approach using Avisoft SASLabPro 210 v. 4.40 (Avisoft Bioacoustics, Berlin, Germany). We used the time of the capture events 211 from video recordings and matched them with the time stamps of the call files to 212 synchronize acoustics with recorded capture events. These files were used in the 213 subsequent analyses and included the acoustic calls for one minute prior to the capture 214 event, which we defined as the search/approach window. We chose a minute interval 215 prior to capture because we were not only interested in sensory behavior for target 216 localization (typically seen in the approach phase), but also the sensory behavior when 217 'searching' for food. Carollia castanea, similar to other phyllostomids, emits calls well 218 above 20kHz (Thies et al. 1998; Brinkløv et al. 2011 ), so we used this as the cut-off 219 frequency to avoid including noise from recording at high gain in ambient conditions 220 (Geipel et al. 2013). We filtered each acoustic sequence using a high-pass filter (at 20 kHz) and visualized spectrograms using a Hamming window (512 fast Fourier transform, 222 98.95% overlap). We extracted the following echolocation call parameters for 223 comparisons across trial types: maximum frequency (kHz), minimum frequency (kHz), 224 peak frequency (i.e. frequency with the highest amplitude, kHz), call duration (ms), call 225 interval (ms), and total bandwidth (kHz) from the spectrograms at the maximum energy 226 of each call. We compiled sequences per individual (approximately 8 -20) and 227 calculated mean and standard deviation for each call parameter per trial type per 228 individual ( Table 2) . 229 230
Statistical analyses of behavioral experiments 231
We performed all statistical analyses in R v. 3.2.4 (R Core Team, 2018). We used chi-232 squared tests to assess the differences in bat preference among target types. We tested the 233 normality of the echolocation call data using Shapiro-Wilks tests (Shapiro and Wilk 234 1965) and subsequently log-transformed these data to improve normality. We compared 235 the differences in call parameters among trial types using analysis of variance (ANOVA). 236 237
Target comparisons 238
To determine if P. scintillans ripe fruit and vegetation present different olfactory cues to 239 C. castanea, we compared the volatile organic compounds (VOCs) that make up the 240 scents of these plant parts. We collected vegetation (7.0 -7.8 g of leaf material; one 241 branch) and ripe fruit (19.9 -20.6 g; 13 -15 fruits) samples from four P. scintillans 242 plants at La Selva. This larger sample of ripe fruit was necessary for VOC capture and 243 detectability by our experimental setup (below). We collected VOCs from these samples 244 via dynamic headspace adsorption using a push oven temperature was 45°C for 4 min, followed by a heating gradient of 10°C min −1 to 260 230°C, which was then held isothermally for 4 min. We initially identified the 261 chromatogram peaks with the aid of NIST 08 mass spectral library (v. 2.0f; ca. 220,460 262 spectra of 192,108 different chemical compounds) followed by verification using alkane 263 standards and comparing with published Kovats indices. We integrated the peaks for each compound using ChemStation software (Agilent Technologies) and present them in Table  265 4. 
Echolocation behavior 282
All bats used in the experiments emitted echolocation calls throughout the trials. We did 283 not find statistically significant differences in the echolocation call parameters among 284 treatment types during the search/approach window (minimum frequency, maximum 285 frequency, peak frequency, bandwidth, duration, pulse interval, all P > 0.05; Table 3 ). emitted echolocation calls more frequently (shorter interval) and of longer duration in 288 treatments where no fruit scent was present (unscented dummy vs. unscented dummy 289 with vegetation; Figure 4) . 290
291
Chemical differences between targets 292
The scent profiles of P. scintillans vegetation and ripe fruit differ slightly in VOC 293 composition, and greatly in the proportion of specific VOCs (Table 4 ). The vegetation 294 scent of P. scintillans is dominated by 3-hexene-1-ol, which is not found in the ripe fruit 295 scent. Conversely, the ripe fruit scent is characterized by a greater abundance of β-296 caryophyllene, germacrene D and β-elemene. Both vegetation and fruit scents have a low 297 abundance of p-cymene and β-pinene (Table 4) . 298
299
DISCUSSION 300
An animal's sensory ecology and behavior often reflects the environment it inhabits, as 301 well as its evolutionary history. As such, certain sensory modalities play key roles in 302 mediating ecological interactions. Mammalian frugivores are able to locate and acquire 303 ripe fruit by using and integrating across sensory modalities: they use vision to detect 304 differences in fruit color and luminance (Burkhardt 1989; Osorio and Vorobyev 2008; a complex sensory environment, the forest understory, it may be advantageous for the 331 bats to cue in specific chemicals that unmistakably signal fruit ripeness against the 332 background of unripe fruit and vegetation within a Piper bush, as well as adjacent 333 vegetation. Our results motivate future work to examine whether some of these key 334 volatiles or their ratios may signal fruit ripeness amongst the vegetative mélange. 335
Echolocation call parameters did not differ significantly in frequency between 336 trial types, suggesting that C. castanea has a stereotyped call structure regardless of their 337 foraging tasks. While this has not been broadly studied, having a stereotyped 1988; Kober and Schnitzler 1990), but bats also use echolocation for navigation and 351 detection of plants that signal through morphology for better acoustic detection. We saw 352 a general trend of longer duration of echolocation calls and shorter intervals between 353 calls when bats were offered choices that did not include a ripe fruit scent cue. Decreased 354 time between calls (interval) and longer duration means these bats were calling more 355 frequently in the absence of ripe fruit scent. We hypothesize that, when ripe fruit odor 356 cues are absent, C. castanea relies more heavily on echolocation to locate a potential food 357 item, in this case one that may resemble an edible Piper fruit. In contrast, when bats 358 were presented with any target that had ripe fruit scent (one or two choices), they emitted 359 shorter echolocation calls at longer intervals, thus echolocating less frequently. We 360 hypothesize that the decrease in echolocation call duration and an increase in interval 361 could be linked to an increase in the bats' use of olfaction as they attempt to locate edible 362 ripe fruits or determine which one is the 'most edible' option. 363
If ripe fruit scent is the primary cue for fruit location and selection by C. our experiments, bats never chose unscented dummy fruits as potential food options, but 374 our behavioral and acoustic recordings demonstrated that they did explore them via 375 echolocation. We propose that C. castanea has a series of criteria (e.g., fruit scent, shape, 376 configuration of fruit in relation to vegetation), which may be hierarchical, and are 377 integrated during the search and localization of a potential food item. 378
The use of echolocation and olfaction for food selection has been documented in 379 other frugivorous and omnivorous phyllostomids. Artibeus jamaicensis is a specialized 380 frugivore that detects, localizes and classifies ripe fruits primarily by olfaction ( Carollia castanea's echolocation calls across treatments (b). Treatments are described in Table 1  565   566   567 568 
